The redshift (z) and Early Universe Spectrometer (ZEUS) is an echelle grating spectrometer designed to study the history of star formation in the Universe from about 2 billion years after the Big Bang to the present by observing submillimeter and far-infrared spectral lines from distant dusty galaxies. ZEUS has moderate resolving power (R ≡ λ/∆λ ~ 1000), and large spectral coverage so as to optimize extragalactic point source sensitivity in the telluric submillimeter (350, 450, and 610 µm) windows. When completed, ZEUS will have a 4 × 64-element array of TES PUD bolometers delivering an instantaneous 64-element spectrum for each of 4 spatial positions on the sky. ZEUS is designed for use on the 15 m JCMT telescope on Mauna Kea. We also plan to use it on the 12 m APEX telescope at the Chajnantor site in northern Chile. Our scientific goals include (1) investigating star formation in the early Universe by measuring the redshifted fine-structure lines from distant (z ~1 to 4) (proto-) galaxies, (2) measuring the redshifts of optically obscured submillimeter galaxies by detecting their bright 158 µm [CII] line emission, and (3) investigating the properties of starburst and ultraluminous galaxies in the local Universe by observing their [CI] and mid-J CO rotational line emission.
INTRODUCTION
We have constructed a new submillimeter grating spectrometer for use in the short submillimeter (350, 450, and 610 µm) windows available to the 15 m JCMT on Mauna Kea, and the 12 m APEX telescope on Chajnantor in Chile. The redshift (z) and Early Universe Spectrometer (ZEUS) is a long slit echelle grating spectrometer with a resolving power, R ≡ λ/∆λ~1000 optimized for the detection of spectral lines from extragalactic point sources. In its first incarnation, ZEUS will employ a 4 × 32 pixel transition edge sensed (TES) array of bolometers at 250 mK as its detector, thereby providing 32 element spectra at up to 4 independent spatial positions on the sky. Eventually ZEUS will be upgraded to a 4 × 64 pixel array delivering an instantaneous spectral coverage of 4 to 6% for redshift surveys. The ZEUS optics can support arrays as large as 16 × 64 pixels. ZEUS can quickly change wavelength or telluric window, adapting well to the demanding weather conditions in the short submm windows. Our primary scientific objectives are to:
1. Investigate star formation in the early Universe by measuring redshifted far-IR fine structure lines from distant (z~1→ 4) (proto)galaxies. ZEUS can detect the [CII] line emission from any 850 µm SCUBA source, and from more than 10,000 high z IR-bright galaxies in the Spitzer surveys. A survey of redshifted [CII] emission is critical to understanding the star formation history of the Universe. It is within this 1 to 4 redshift range that the greatest change in starformation per unit co-moving volume occurs, and also where the optical/UV determinations are most severely affected by extinction. What powers these galaxies? How strong are starbursts in the early Universe?
3. Study the neutral ISM in ultraluminous IRAS galaxies (ULIGs) with the [CI] and mid-J CO lines. Are their extreme luminosities due to AGNs, or starbursts? Why do many ULIGS have unusually weak [CII] 158 µm line emission? What is the link between starformation in starbursters, ULIGs, and SCUBA galaxies?
ZEUS promises unprecedented point source sensitivity for submillimeter (submm) spectroscopy. It is arguably the optimal instrument for performing the above science projects. We are presently testing ZEUS with a small array of thermistor sensed bolometers. We plan our first run at JCMT with ZEUS in spring of 2005. ZEUS was previously described by . 56 
SCIENTIFIC BACKGROUND

The cooling of the neutral interstellar medium (ISM).
The primary scientific goal of ZEUS is to investigate the starformation history of the Universe from early times until the present. Stars form in the dense interiors of dust molecular clouds. For a cloud core to collapse the gas must cool, lower the total energy of the cloud. The primary cooling lines arise from abundant species with energetically accessible quantum levels. The most efficient transitions lie in the far-infrared and submm bands where the effects of extinction by interstellar dust can largely be ignored, and include the ground state fine-structure lines of C 0 , C + , O 0 , and the mid-J rotational lines of CO. After massive stars form, their far-UV (6 to 13.6 eV) starlight penetrates the surfaces of nearby molecular clouds, dissociating molecules and ionizing atoms with binding energies less than 13.6 eV forming photodissociation regions (PDRs). PDRs are heated by the photo-ejection of energetic electrons from grains 1, 2, 3 , and cooled by these same spectral lines. PDRs are an important ISM component ~ 10% of the ISM mass in normal galaxies like the Milky Way 4, 5 , and as much as half the ISM mass in starburst nuclei and low metalicity dwarfs 6, 7, 8, 9 2.1.1. Mid-J CO. The mid-J CO lines probe the warm, dense molecular gas in PDRs and molecular shocks. They are important probes, as more than 35% of the total molecular gas is warm and dense in both Galactic starformation regions and starburst nuclei 10, 11, 12, 13, 14 . Indeed, averaged over the 7° COBE-FIRAS beam, much of the molecular ISM in the Galactic nucleus is warm and dense (T ex ~ 40 K), resulting in very bright CO(8→7), (7→6) and (6→5) line emission ~ 40% of the total CO line cooling! 15 To study this warm molecular gas is key to understanding the interplay between star formation and the natal molecular clouds on galactic scales. For example, for some starburst nuclei, supernovae blasts might compress the ISM, so that the starburst is self sustaining, while for others far-UV and cosmic ray heating, and molecular flows may energize or disrupt the ISM making the starburst self limiting. Notice that since the low J (J< 4) lines have smaller excitation requirements, their line ratios are much less sensitive to the physical parameters of the gas.
Example. Cosmic Ray Heating of Molecular Clouds. Using our submillimeter Fabry-Perot, SPIFI on the JCMT, we made the first detection of the CO(7→6) line from the starburst nucleus of NGC 253 16 . The CO emission is bright, and widespread. The run of 12 CO and 13 CO line brightness with J indicates most of the 2 -5 × 10 7 M of molecular gas in the inner 180 pc is both very warm (T~120 K), and dense (n(H 2 ) ~ 4.5 × 10 4 cm -3 , Figure 1 ). There is 10 to 30 times more warm molecular gas than atomic gas (as traced by the [CII] and [OI] lines) in PDRs. Such a large molecular to PDR gas mass ratio is inconsistent with PDR models where the gas is heated by far-UV starlight. It is also unlikely that shocks, from cloud-cloud collisions can provide the heating. The most likely heating source is cosmic rays, which also provide a natural means for heating the full volume of molecular gas. The nuclear starburst yields a cosmic ray heating flux 800 times that of the Galaxy, which is more than sufficient to match the observed CO line cooling. The starburst has therefore greatly excited the molecular ISM in this starburst, which will therefore impede the formation of the next generation of stars.
[CI]
The [CI] lines are important coolants for PDRs, and bright [CI] emission is observed from Galactic starformation regions, external galaxies and the Galaxy as a whole 17, 18, 19, 20, 5 . Typical observed C 0 /CO abundances -C 0 /CO ~ 0.1 within the Galaxy, and C 0 /CO ~ 0.5 in starburst nuclei -are much larger than expected in standard oxygen rich chemical models 21 . It is also clear that C O is well mixed in molecular cloud interiors, and may in fact be a better tracer of molecular cloud mass than CO 22, 23 ! The high C 0 abundance is likely due to (1) more photodissociated gas relative to molecular gas due to the small clouds and high far-UV fields -a PDR origin 24, 25 , or (2) more C 0 produced in cloud interiors by reactions initiated by the high cosmic ray flux from nearby star formation regions (starbursts) -a chemical origin 26 . It is important to observe both the lower J, 3 P 1 → 3 P 0 (609 µm) transition, and the upper J 3 P 2 → 3 P 1 (370 µm) transition, as the line ratio is temperature sensitive for T ≤ 100 K 18 . The line ratio therefore discriminates between a chemical and PDR origin for the enhanced C 0 abundances: PDR models predict higher gas temperatures than equilibrium chemical models in the absence of far-UV flux. 23 have shown that the combined [CI] line cooling is similar to the combined CO cooling for most galaxies including our own 5 . Most (85%) of the [CI] cooling is from the 370 µm line, so this line accounts for ~ 40% of the total gas cooling (I1 3 P 1 -3 P 0 line (I1), indicating T gas ~ 120 K 28 and M H(2),CI ~3 × 10 7 M . Therefore, the total gas mass in CO and in [CI] are roughly equal in the nucleus of NGC 253, and they are likely coextensive, or even well mixed. These observations strongly support cosmic ray, rather than PDR enhancement of C O abundances in starburst nuclei. Detailed cosmic ray chemical models support these conclusions 26 .
Gerin and Phillips
Example: The CO(7→6)/[CI] 370 µm ratio -revealing the starburst. Due to the large difference between the critical densities for the CO(7→6) and [CI] 370 µm transitions, the line intensity ratio is a strong function of density ( Figure 3 ). This sensitivity is particularly useful since (1) the lines lie only 1000 km s -1 apart, so they are easily obtained in one spectrum with ZEUS, thereby ensuring excellent spatial registration and relative intensity calibration, and (2) the line ratio divides out beam filling factors assuming that the two lines come from roughly the same regions.
We used this sensitivity to investigate the nearby starbursting interacting galaxy pair, the "Antennae'' (NGC 4038/9) 29 . Both lines are traceable over broad regions of the interaction zone, indicating the prevalence of warm, dense UV heated gas in this compact starburst region ( Figure 3 ). Over the largest scales traced in our map (30", or 3 kpc) the CO(7→6) and [CI] lines are equally bright, with T MB ~ 0.2 K. However, the line ratio changes dramatically at the core of the interaction zone (inner 700 pc), where the CO(7→6) line is three times brighter than the [CI] line. The strong CO(7→6) line emission signals highly excited (dense) molecular ISM at the interaction zone. This gas could be excited via cloud-cloud collisions, or the tremendous far-UV and/or cosmic ray fluxes associated with the compact starburst.
Far-IR fine-structure lines at high redshifts with ZEUS
The far-IR fine structure lines from abundant species are the primary coolants for much of the interstellar medium, and are sensitive extinction free probes of the physical conditions of the gas as well as the hardness and strength of the stellar radiation fields. The brightest line, the 158 µm [CII] line, dominates the cooling of PDRs and atomic gas clouds, and is an important coolant for the diffuse warm ionized medium (WIM). For PDRs on the surfaces of molecular clouds the [CII]/far-IR continuum ratio, R, is strongly inversely proportional to G, for G ~10 1 to 10 4 ( Figure 5 ). R maximizes at ~ 1% for G = 10, n ~ 10 3 cm -3 . The inverse relation for large G occurs because the efficiency of the photo-electric heating is reduced at high G due to the build up of grain [CII] emission that arises from ionized gas, thereby better describing the cooling of both the ionized gas and photodissociated surfaces of molecular clouds 5, 9 . The [NII] observations, when combined with [CII] work therefore constrain the cooling of two major components of the ISM. Furthermore, For low ionization (< O7 stars) HII regions, the [NII] emission is proportional to the stellar Lyman continuum emission, so its measure is an extinction free probe of ionization rates. We summarize the properties of our primary probes in Table 1 . 1.E-05
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SCIENTIFIC OBJECTIVES
ZEUS studies of starbursters and ULIGs
One of the most exciting results of the IRAS mission was the discovery the class of ultraluminous infrared galaxies (ULIGs). These are among the most powerful objects in the local Universe with far-IR luminosities exceeding 10 12 L , most of which is in the far-IR. ULIGs are usually colliding or merging galaxies, and it is likely that the mergers caused the inordinate far-IR luminosities, by either compressing the natal ISM triggering a global starburst, or by triggering accretion onto a central massive black hole forming an AGN. Genzel et al. 36 studied 15 ULIGs with ISO's SWS and ISOPHOT-S spectrometers and concluded that 70 to 80% of the ULIGs are powered by starbursts (nucleosynthesis), and the remainder is predominantly powered by AGNs (accretion). 
the Luhman model requires that the young stars and the HII regions they illuminate be different in ULIGs than in lower luminosity IR bright galaxies -or that ULIGs contain active nuclei.
However, one can show that if the CO and [CI] line emission at least partly arises from non-PDR sources, then the far-IR lines and continuum emission can be modeled as arising entirely from PDRs. This means the [CII] deficit is real, and reflects the very strong far-UV fields (high G) in these sources. Other sources of CO and [CI] line emission could be warm, dense, cosmic ray heated gas, such as we found for the starburst nucleus of NGC 253.
How do we distinguish between these scenarios? In the Luhman model 38 , all PDR lines, including the CO and [CI] lines arise from moderate density (n~10 3 cm -3 ) gas. This gas would not be detectable in its mid-J CO line emission (Figure 3 ), so that weak mid-J CO emission from ULIGs would indicate a preponderance of dust bounded HII regions, or the presence of an active nucleus in the ULIG. On the other hand, bright mid-J CO line emission indicates high gas densities (n ~ 10 4 cm -3 ), inconsistent with the Luhman et al model. Strong mid-J CO line emission requires the energy of a starburst, where the gas could be heated directly by far-IR photons (the PDR scenario), or indirectly, by the tremendous cosmic ray fluxes from the supernovae in the starburst. Strong mid-J CO line emission is therefore a signal for a starburst, and is in fact common in nearby starburst galaxies (e.g. NGC 253, M82, NGC4038/39 16, 39, 29 
Protogalaxies, and star formation in the early Universe.
Until very recently, the history of star formation in the Universe was addressed nearly entirely with optical tools: comparing optical fluxes with spectroscopic redshifts for objects at z up to 1, or photometric redshifts for collections of distant objects such as those in the Hubble Deep Field to z ~ 4 40 . These studies indicated that star formation peaked at z ~ 1 to 1.5, and declined to current day values at z ~ 4 ( Figure 6 ). However, even at high redshifts, extinction by dust is important, and corrections are large and uncertain 41 , so that optical measurements are reliable only as a lower limit to the true starformation rate.
The COBE satellite detected a cosmic submm background with energy greater than the integrated UV/Optical light 42 , thereby confirming that dust is important in the early Universe. The SCUBA bolometer camera in the JCMT resolved much of this background as submm galaxies -starforming galaxies that emit 5 times more energy in the submm band than in the UV 43 -at redshifts of about 1 to 2. Their number counts indicate that starformation peaked at a much early epoch (z ~ 2→3) than previously thought. These are the galaxy population in the early Universe.
ZEUS Observations.
While it is the means by which these new sources are discovered, the far-IR continuum alone is of limited diagnostic power as to the nature of the luminosity source, probing only the total luminosity, and (if a few wavelengths are observed) the dust temperature and mass. In contrast, spectroscopy of redshifted far-IR fine-structure lines can provide a wealth of information on the physical conditions of the gas and the nature of the ambient UV radiation fields. ZEUS on the JCMT or APEX can detect several of the brightest far-IR fine-structure lines from distant luminous galaxies when their redshifted wavelengths fall into the available submillimeter windows, including the The [CII] line is the primary diagnostic for distant galaxies as it is the brightest line from most star forming galaxies, and it dominates the cooling of PDRs, standard atomic clouds, and is also an important coolant of the WIM. Strong emission in the [CII] line can only be associated with star formation, although weak emission does not preclude a starburst -it may just imply a very confined starburst (see section 3.1 above). With ZEUS, we can begin a survey of distant galaxies in the [CII] line. Such a survey is critical to understanding the star formation history of the Universe. It is within this 1 to 4 redshift range that the greatest change in star formation per unit co-moving volume occurs, and also where the optical/UV determinations are most severely affected by extinction ( Figure 6 ). What powers these galaxies? How strong are starbursts in the early Universe?
We will use the ratio R of the [CII] line to far-IR flux to constrain the strength of the ambient ISRF, G, hence the concentration of the starburst. Very high G (~ 10 4 , for R ~ 10 -4 ) indicates very compact star formation regions with UV fields comparable to those found in Orion (0.4 pc from an O6 star). G ~ 10 3 (R ~ 10 -3 ) is more typical of that found in starburst galaxies such as M82 6 . For normal galaxies like the Milky Way, G ~ 1 to 100 (R~10 -3
→10
-2 ) 4,5 . A very small value for R indicates very intense radiation fields associated with very compact emission regions or AGN. When compared with far-IR continuum, G yields the beam filling factor, φ, of the dusty emitting regions. For all of the sources in our program, the far-IR continuum has (or will be) observed with IRAS, SCUBA, or Spitzer.
If the distant sources are powered by starbursts, the strength of G relates to the age of galactic mergers, or of the starburst itself. In the early merger stage there may be very localized, intense starbursts with very high G. As the merger progresses, other regions are stimulated to burst either by the dynamics of the collision, or by gas compression by supernovae explosions in the original burst. As the burst propagates it will tend to lower the overall G, raising the [CII] line to far-IR continuum ratio. large scale, young starburst headed by early type (~ O6) stars. The line flux is related to the numbers of early type stars. Together with the free-free continuum, one can relate the numbers of Lyman continuum photons to the harder UV required to form O ++ , so that the hardness of the UV radiation field is probed as well.
Source Lists.
There are a large number of distant galaxies detectable in redshifted fine structure lines with ZEUS. We will undertake a survey of these important diagnostic lines in the early Universe. Our primary list includes a dozen galaxies at known redshifts > 1 that are detectable with signal-to-noise ratios (SNR) from 30 [CII] emission falls into the ZEUS telluric windows. This probability is good, as the windows cover nearly half the redshift interval between 1 and 3, and the median SCUBA redshift is ~ 2.4 44 The flux limit of the deepest SCUBA integrations, (850 µm, 5σ = 2.3 mJy/beam) corresponds to luminosities ~ 6 × 10 12 L , essentially independent of redshift if 1 < z < 3 (the negative K-correction). ZEUS can detect with SNR = 40 (z ~ 1.2), 35 (z ~ 2), and 17 (z ~ 3) the [CII] line from these galaxies in 4 hours of integration time. [CII] line emission from SCUBA sources is of great scientific interest. Not only will we be able to estimate the ambient far-UV radiation fields, and source size, as described above, but also the redshift itself is critical for the understanding of galaxy evolution in the early Universe. How distant are these sources? What are their luminosities, and number counts as a function of redshift bin? These data will describe the evolution of IR bright galaxies. How fast, and in what way do luminous protogalaxies evolve in the early Universe?
ZEUS can also detect redshifted [CII
ZEUS DESIGN
Above we have detailed the scientific motivation for system optimized for detection of extragalactic submm lines from point sources. Below we describe the criteria that led us to select direct detection with an echelle grating spectrometer and a large format bolometer array for these science goals. We follow with a section on the detailed design of ZEUSdetailing the current status, and finish with a discussion of the expected sensitivity.
Design Considerations 4.1.1. Why Direct Detection?
To date, nearly all spectral line observations in the submm have been made with heterodyne (coherent) receivers using Schottky diodes, SIS junctions, or HEBs as mixers. These receivers will remain the instruments of choice at the highest spectral resolutions -resolutions sufficient for detailed velocity profiles of Galactic sources. However, if both systems have the same throughput-quantum efficiency product, it can be shown that a direct detection (incoherent) system is more sensitive in principle than a heterodyne system as long as the direct detection system delivers background limited noise performance 47 . This is due to the "quantum noise" inherent with the phase sensitive coherent detection process. In addition, in its final incarnation with a 4 × 64 pixel array, ZEUS will have an extremely large instantaneous spectral coverage ~ 50 GHz at 860 GHz. This is much greater than any heterodyne backend. Bolometers are now sensitive enough to ensure background limited performance in the submm bands for resolving powers, R ≡ λ/∆λ ~ 10 5 , so that it is clearly desirable to build a direct detection submm spectrometer. However, to achieve background limited performance at high resolving powers in the submm band is challenging. For instance, at 370 µm the background power on the detector is ~ 0.7 pico W at R = 1200. This is 2500 times smaller than the radiation emitted by a 4.2 K blackbody with surface area of 1 cm 2 ! Despite this challenge, we are * Line flux estimates are based on far-IR line ratios observed from M82 normalized to the far-IR continuum, or low-J CO lines. We take t int = 4 hours, and assume H o = 71 km s -1 Mpc -1
, Ω o = 1, Ω Λ = 0.7. Note that M82 has R ~ 1.6 × 10 -3 -smaller than the value for several ULIGS 37, 38 . The estimated signal-to-noise ratios are corrected for telluric transmission (with airmass correction), and sensitivity at each wavelength. Sensitivities are listed in Table 3. confident that ZEUS will reach these backgrounds. The natural backgrounds in our submm imaging Fabry-Perot, SPIFI, are about three times smaller, and SPIFI is within a factor of two of background-limited performance at the JCMT 48, 49 .
Why a Grating?
Our primary scientific goals are the detection of weak lines from galaxies in the submillimeter telluric windows. The weakest lines come from the most distant sourcessources that are essentially point sources (θ < 6") at the JCMT. A spectrally multiplexing grating spectrometer, with velocity resolution well matched to expected line widths is optimal for line detection from point sources. A grating can be constructed with higher optical efficiency than a Fabry Perot Interfereometer (FPI), such as SPIFI, and also, unlike the FPI, the grating spectrometer need not spectrally scan. These factors ensure that ZEUS will be more than 3 times more sensitive for point source detection than SPIFI .
Grating Order.
We would like to be able to cover each of the short submm (350, 450, and 610 µm) windows with high efficiency in order to observe redshifted [CII] emission at 1 < z < 4. A grating operated in order n, illuminated by a collimated beam at an angle of incidence α with respect to the grating normal will resonate at a wavelength λ given by: nλ = 2d sin(α), where d is the grating groove spacing. Therefore, if we assign 5 th order to the 350 µm window, then the 4 th and 3 rd orders will efficiently cover the 450 and 610 µm windows. For high efficiency we select an R2 echelle (blazed at 63.43°) for the ZEUS grating blazed at 359 µm in 5 th order (groove spacing 992 µm). An external stepper motor tilts the grating from α = 57° to 73° to cover the entire 350, 450, and 610 µm windows ( Figure  7 ). ZEUS will have a filter wheel containing 3 bandpass (λ/∆λ ~ 10) filters (P. Ade, Cardiff) centered at the appropriate wavelengths so that we can switch within any of the windows while cold and on the telescope.
Resolving Power.
For a Littrow mode grating spectrometer, the slit-limited resolving power (spectral purity) is given by: R = 2G proj ·tan(α)/(θ beam D tel ), where G proj is the projected size of the grating, α is as before, θ beam is the slit width projected on the sky, and D tel is the diameter of the telescope primary. This expression holds as long as the slit width is larger than the diffraction limited beam size, i.e. θ beam > λ/D tel . If this expression is violated, the system looses light for a monochromatic source. We choose a slit size of 6" (~ 1.2 λ/D at 370 µm). We would like R = 1200 for our R2 echelle at 371 µm (α = 69.2°), so that the projected size of the grating (collimated beam size) is 10 cm. For a 10 cm collimated beam, the we slightly oversize the echelle at 35 cm long to capture all the light as it is tipped over its entire 57° to 73° range of motion. The echelle was manufactured by Zumtobel Staff GmbH (Austria).
Plate Scale.
The GSFC TES bolometer arrays have 1 × 1 mm square pixels in sub units of 4 × 32 pixels. For the broadest spectral coverage, we align the array with 32 pixels along the grating dispersion (spectral) direction, and 4 in the cross-dispersion (spatial) direction. As new subunits become available, we first will expand spectrally, i.e. butt two arrays only the spectral dimension (4 × 64 format), then expand spatially, up to 16 × 64 format. As a compromise between sample requirements within our three bands, we chose a plate scale of 5" per 1 mm pixel, or 1.04λ/D at 350 µm. The slit is opened to 10" at 610 µm (1.43λ/D). With a 6" slit, there are 1.2 pixels per spectral resolution element at 350 and 450 µm, and 2.0 pixels per element at 610 µm (10" slit). Therefore, at 350 µm the complete array foot-print is 6"×40" on the sky, and each position yields a 64/1.2 ~ 53 resolution element spectrum (32 fully sampled resolution elements at 610 µm). To obtain full Nyquist sampling at 350 and 450 µm, the grating is stepped half a resolution element.
Detailed Design 4.2.1. Optics
. ZEUS is will fit in the receiver cabin of the JCMT so that it can be accessed like other JCMT receivers, by rotating the tertiary mirror. Figure 8 shows the interior of ZEUS with optical elements in place. The f/12 beam from Spectral coverage of ZEUS, superposed on the Mauna Kea windows.
ZEUS Spectral Coverage
the JCMT is imaged just inside of our polyethylene dewar entrance window. From there it goes through a scatter filter at 78 K, and a 4 K long wavelength (λ > 200 µm) pass filter (LP Filter 1) before hitting flat mirror M1. M1 sends the beam to collimating mirror M2 and then on to the de-collimating mirror M4, via flat mirror M3. There is a pupil formed at our second long wavelength pass filter, LP Filter 2. M4 re-images onto the entrance slit to the echelle section at f/2.29. The beam is then collimated at 10 cm by the large (15 cm) off-axis paraboloid primary mirror, M5, which illuminates our echelle grating. The grating is operated in Littrow mode, so that the beam returns to the collimator mirror. From the collimator, the light is sent by flat mirror M6 on through the bandpass filter on a wheel, and finally imaged onto the array. The center of the collimator/camera mirror in the echelle section is offset from the optical plane of the f-converting section, so that the incident and diffracted beams are shifted on the parabolic mirror by equal and opposite amounts in the cross-dispersed direction. This arrangement opens up space for the entrance slit and the detector, and cancels coma in the echelle section. The Zemax ray-trace program shows beam sizes < 6" at 350 µm at the 4 × 64 array corners. The entrance slit is currently fixed at 6", but a slide containing both a 6" and a 10" slit is being designed.
Filtration.
Bolometers are sensitive to all wavelengths of light, so it is especially important (and challenging!) to achieve excellent spectral purity (filtration), and minimize thermal emission from within the cryostat. Our experience with SPIFI has been quite helpful for this (stray background levels in SPIFI are ~ 2 × 10 -13 W 48,49 ). 
M5: Primary Entrance slit
We describe the filtration and baffling working inward from the entrance window. There is a snout on the nitrogen shield that minimizes the room temperature radiation entering the inner cryostat. Just inside this snout is the 77 K scatter filter. The light then passes through the first long-wavelength pass filter, which is located on the entrance to the helium stage. This fore-optics section of the helium stage is entirely enclosed in a "dark house" which ensures that light can only enter through LP-1, and only exit through LP-2 at the pupil where we have placed a Lyot stop (see Figure 8 ). The interior of the dark house and all other baffles are painted black with Aeroglaze Z306 loaded with micron sized glass spheres to absorb stray, and scattered light. The glass spheres enhance infrared absorptivity. The 4 He cryostat is pumped down to 1.5 K to minimize the thermal emission from the cryostat interior. This also ensures that LP-2 is at T < 2 K. The entrance slit to the echelle section is next, and a final filter bandpass (BP) filter is placed immediately in front of the detector housing. The BP filters pass the telluric window of choice, and have resolving power R ~ 10. There will be three installed on a 3 He temperature filter wheel. Peter Ade's group at Cardiff University constructed the scatter, LP and BP filters. The grating, plus the series of filter ensure that the detector array sees spectrally pure radiation from the astronomical source, and (unavoidable) background radiation from the sky and telescope. Since the 1.5 K (pumped 4 He) radiation from within the dewar would overwhelm the sky background unless properly filtered, the final BP filter is tied to the intermediate temperature 3 He head at 300 mK. The detector block is enclosed in a 300 mK radiation shield to ensure any light reaching the detector is filtered through the BP filters, making the radiation from within the dewar only a small fraction of that from the sky and telescope background.
Mechanical design
The dewar and cryostat were constructed by modifying an existing system, that of Cornell's Kuiper Echelle Grating Spectrometer (KEGS 57 ), that flew on the now retired Kuiper Airborne Observatory. The ZEUS system was designed to fit within this dewar, thereby resulting in significant savings in cost and schedule. The cryostat and dewar were originally constructed by Precision Cryogenics Systems. The outer shell was left largely intact and the nitrogen cryostat is unchanged with a volume of 3.5 liters. Two parallel aluminum walls, separated by 19 cm, and tied together with struts form a very rigid box-like structure to which nearly all of the optics (except M5), the grating and the detector mount are attached. These walls make for an excellent thermal path to bottom of the 4 He cryostat. To further ensure that the critical systems operate at temperatures very close to the 4 He bath, we added a cold finger that extends down the walls of the spectrometer. This also enlarged the original KEGS 4 He cryostat by about a liter to 6.5 liters, ensuring a 4 He cryostat hold time in excess of 24 hours. It is also very important that the inner helium radiation shield run near the bath temperature to minimize that backgound from within the dewar. For this reason, we implemented a two layer 4 He shield system, as we have in SPIFI, were the outer shield greatly decreases the thermal load on the inner shield. Stepper motors from Superior Electronic control the filter wheel, slit mask, and the grating tilt angle. These motors are mounted outside of the dewar, and connected through the vacuum walls via ferofluidic feedthroughs .
4.2.4.
3 He Refrigerator The ZEUS array delivers the requisite sensitivity with a cold head at 250 mK (see below), so ZEUS requires only a 3 He refrigerator. ZEUS has a dual stage 3 He refrigerator from Chase Research, Inc. The system is a very compact, self-contained, closed cycle system with two cold heads and cryopumps filled with high pressure 3 He (about 80 to 90 atmospheres at 20° C). With estimated heat loads of a few µW on the ultra-cold heat, and about 90 µW on the intermediate temperature head, the heads reach a temperature of 250 mK, and 300 mK respectively. A reservoir that contains 11 liters of 3 He at standard temperature and pressure (STP) for the intermediate head, and 3 STP liters for the ultracold head ensures a hold time well over 24 hours. In a load-free test in ZEUS, the ultra-cold head temperature was 225 mK. The cycling of the systems takes about an hour, and is controlled by gas-gap heat switches that open and close the thermal link to the 3 He base plate. An AC bridge that measures the resistance of a Germanium resister attached to the cold heads monitors the temperature of the cold heads, and measuring the voltage change across silicon diodes monitors the temperatures of the heat switches and the cryopumps. This design enables PC control of the refrigerator cycle.
Detector Array.
The sensitivity requirements for ZEUS are modest by today's standards for bolometer manufacture. At present, we are testing ZEUS with a 1 × 32 pixel (16 optically active) thermistor sensed array pop-up detector (PUD) array 50 from GSFC ( Figure 10 ). This array has an electrical NEP ~ 3 × 10 -17 W/Hz (head T ~ 250 mK), so that it will deliver performance within a factor of two of optimum for most ZEUS wavelengths (section 4.3, below). The clever architecture of the PUD arrays results in near unit filling factor in the focal plane, so they are efficiently implemented into ZEUS. Figure 10 shows this test array in its mounting bracket. The detector mount itself is suspended from the pumped 4 He temperature mounting bracket by a Kevlar thread suspension from the three mounting pads.
Our first 1 × 32 pixel optically active superconducting transition edge sensed (TES) array is currently being tested at GSFC, and will be shipped to our lab at Cornell University this (2004) summer for integration into ZEUS ( Figure 11 ). We anticipate our first 4 × 32 subarray later in the fall. The TES sensors offer significant gains in bolometer performance. The sensitivity advantage arises because the large temperature coefficient of resistance of the TES makes for a fast bolometer, and increases the electrothermal feedback. This decreases the Johnson noise, and, because it allows a smaller thermal link, G, the phonon noise. The TES arrays are also naturally integrated with multiplexing SQUID read-outs so that very large array formats are possible. The current state of the art is the 40 × 32 pixel TES sensed array constructed as a subarray unit for SCUBA-2 51, 52 . The TES PUDs have proven to deliver the NEPs for detection of submillimeter light that we require for ZEUS. For example, GSFC TES arrays with transition temperatures between 400 and 500 mK have performed near their fundamental limits, delivering photon noise limited NEPs ~ 1.5 × 10 -17 W Hz -1/2 , with plenty of dynamic range to match the background requirements, and modest (~ 1%) electrical cross talk 53 . By September 2005, we expect to have a second 4 × 32 array, which would complete the 4 × 64 focal plane array for ZEUS.
SENSITIVITY CALCULATION.
The noise equivalent flux, NEF, of a background limited spectrometer with warm optical elements of temperature T, transmission t w and emissivity ε, and cold optical elements of transmission τ (emissivity 0), and detector quantum efficiency, η, is given by 54 :
where h is Planck's constant, ν is the frequency, AΩ/λ 2 is the number of photon modes, and ñ is the mode occupation number = 1/(exp(hν/kT)-1). The factors of 2 are from (1) detecting both polarizations of light, (2) expressing the NEF in Hz -1/2 , (3) (2⋅2) chopping. The NEF refers to above the atmosphere, so that the warm transmission, t w =η sky η MB η tel η window , where η MB and η tel are the main beam and receptive efficiencies of the telescope respectively, η sky is the telluric transmission, and η window is the transmission of ZEUS's polyethylene window (92%). At 370 µm, the cold transmission of ZEUS is τ ~ 32%, η = 50%, and AΩ/λ 2 ~ 1. To convert the NEF so derived to point source sensitivity, NEF point we need to correct for the coupling of the beam to the pixels in ZEUS. At 370 µm, the relevant pixel size is 5×5", so that Ω pixel = 5.88 × 10 -10 sr. The point source coupling of the 6.2" diffraction limited beam to this 5×5" pixel is η pixel = 60%. For the 610 µm window, we use 4 pixels (10×10") to calculate the coupling. Table 2  summarizes ZEUS's optical transmissive element parameters, and Table 3 lists the resolving power, photon power, and photon noise limited noise equivalent power per 5" pixel as a function of wavelength. We also list the coupling of a point source to a pixel (4 pixels in the 610 µm window), and the expected ZEUS point source sensitivity referred to above the atmosphere, and including all loses including chopping, and coupling to the pixels.
On the APEX telescope, the ZEUS sensitivities should be about twice as good as the JCMT values. While the 12 m APEX dish is smaller than the 15 m JCMT, its surface is more accurate (~ 18 µm rms), so we expect η MB,JCMT /η MB,APEX ~ ½, and the Chajnantor site promises about 1.5 × better transmission than Mauna Kea at 350 and 450 µm.
It is instructive to compare our sensitivity to current heterodyne receivers. Direct comparison is difficult since the figure of merit for heterodyne receivers is T rec (DSB), which translates in very subtle ways to the NEF above. A straightforward method is to convert the reported T rec from heterodyne receivers to the noise on the sky, hence detectability of a line.
The best reported heterodyne receiver temperature to date is T rec (DSB) = 205 K at 370 µm (810 GHz) 55 . Following the JCMT Web page, T rec (DSB) is related to T sys by: T sys = (2T rec +2T background )/(η tel η sky ), where T background is the noise temperature of the background, and the factor of two arises since both sidebands contribute noise. Assuming a physical temperature of the sky and telescope is T sky = T tel = 263 K, the background temperatures is T background = T sky (1-η sky )·η tel + T tel (1-η tel ) = 195 K. Therefore for the heterodyne receiver at 370 µm we have T sys (het) = 3080 K.
To obtain the equivalent system temperature for ZEUS, we again, refer to the JCMT web page where: For this equation, Ω refers to the diffraction limited beam size on the sky, since the point source coupling to a pixel is already included in the calculation of NEF point . At 370 µm, R = 1200 and T sys (ZEUS) = 840 K. Therefore, ZEUS has a system temperature 3.7 times better than a state-of-the-art heterodyne receiver. In addition, ZEUS offers a factor of 4 spatial multiplex advantage for mapping projects. In terms of receiver temperature, the sensitivity of ZEUS at 370 µm is equivalent to a single side-band noise temperature of 41 K! At 610 um, ZEUS is equivalent to T rec (SSB) ~ 25 K! Equivalent system temperatures and single side-band noise temperatures for ZEUS as a function of wavelength are compiled in Table 3 . 
SUMMARY
The primary scientific goal of ZEUS is to study the history of starformation in the Universe looking back in time from the present epoch to within 2 billions years of the Big Bang. Specifically, we will (1) investigate star formation in the early Universe by measuring the redshifted fine-structure lines from distant (z ~ 1 to 4) (proto-) galaxies (2) measure the redshifts of optically obscured submillimeter galaxies by detecting their bright 158 µm [CII] line emission, and (3) investigate the properties of starburst and ultraluminous galaxies in the local Universe by observing their [CI] and mid-J CO rotational line emission.
ZEUS is a long slit grating spectrometer designed for optimal detection of extragalactic point sources in these lines. ZEUS has moderate resolving power (R≡λ/∆λ ~ 1000) -well matched to extragalactic line widths -and large spectral coverage -which enables spectral line (redshift) searches. When completed, ZEUS will have a 4 × 64-element array of TES PUD bolometers delivering an instantaneous 64-element spectrum for each of 4 spatial positions on the sky.
At present, the ZEUS optical and cryogenic system is complete, and undergoing testing with our 1 × 32 pixel thermister sensed array. We expect the delivery of our first 1 × 32-pixel TES sensed array by August of 2004, and our first 4 × 32 pixel array in the fall of 2004. We hope to have our first observing run on the JCMT in the spring of 2005, and our first run on APEX soon afterwards.
